Abstract Stable isotopes are increasingly being used to infer past and present trophic interactions in light of environmental changes. The Lake Victoria haplochromine cichlids have experienced severe environmental changes in the past decades that, amongst others, resulted in a dietary shift towards larger prey. We investigated how the changed environment and diet of the haplochromines influenced stable isotope values of formalin-then-ethanol-preserved cichlid specimens, and then investigated how these values differed among species before (1977)(1978)(1979)(1980)(1981)(1982) and after substantial environmental changes (2005)(2006)(2007). We found a small preservation effect on both d 13 C and d 15 N values, and significant differences in isotope values among haplochromine species collected before the environmental changes. In contrast, there was a remarkable similarity in d 13 C and d
Introduction
The indigenous biodiversity of freshwater ecosystems is declining rapidly (Dudgeon et al., 2006) and the most influential drivers are thought to be climate change and eutrophication (Heino et al., 2009; Smith & Schindler, 2009 ). Therefore, a better understanding of effects of these drivers will be essential for conserving and restoring freshwater ecosystems. Freshwater ecosystem restoration efforts have been increasingly incorporating a food web perspective since food web dynamics strongly influence biodiversity and ecosystem functioning (Vander Zanden et al., 2006; Woodward, 2009) . Food web studies are now successfully using stable isotope data obtained from museum specimens to infer past and present trophic interactions in the light of environmental changes (Vander Zanden et al., 2003; Schmidt et al., 2009; Nakazawa et al., 2010) .
Environmental changes such as species invasions, increased primary productivity and eutrophication are known to influence fish species diversity, niche overlaps and dietary shifts (Seehausen et al., 1997a, b; Winemiller, 1989; Eby et al., 2006) . Eutrophication can, for instance, alter the ecological and reproductive niche space by increasing water turbidity and thereby hampering sexual selection leading to the loss of fish diversity (Seehausen et al., 1997a, b) . Eutrophication can also result in benthic oxygen depletion thereby changing zoobenthos densities and forcing benthic fish species to move from the profundal to the littoral zone, resulting in dietary and morphological overlap with littoral species (Vonlanthen et al., 2012) . Environmental changes in the form of invasive predators often simplify entire food webs, shift community compositions and induce dietary shifts in native species (Goldschmidt et al., 1993; Flecker & Townsend, 1994; Simon & Townsend, 2003) . For example, Vander Zanden et al. (1999) found that native lake trout shifted their diets from fish towards zooplankton in response to the presence of invading bass.
During the past three decades, Lake Victoria has endured several profound environmental changes that include eutrophication and species invasion and therefore provides an excellent opportunity to study the effects of environmental changes on fish species. During the mid-and late 1980s, the introduced Nile perch became very abundant in the lake (Pringle, 2005) . At the same time, eutrophication resulted in increased phytoplankton blooms, particularly of cyanobacteria (Hecky, 1993; Ochumba & Kibaara, 1989) . These blooms caused low water transparency and low dissolved oxygen levels (Hecky et al., 1994; Mugidde, 1993; Seehausen et al., 1997a; Witte et al., 2005) . Concurrently, a higher abundance of shrimps, molluscs, insects and small cyprinid fish (dagaa) was observed (Kaufman, 1992; Wanink, 1999; Goudswaard et al., 2006; van Rijssel et al., 2015) . All of these environmental changes are thought to have contributed to the dramatic decline of haplochromine cichlid diversity during the late 1980s (Witte et al., 1992b; Seehausen et al., 1997b) .
During the 1990s, a resurgence of some haplochromines was observed (Seehausen et al., 1997b; Witte et al., 2000; Balirwa et al., 2003; Witte et al., 2007) . However, the recovering detritivorous and zooplanktivorous cichlids species had shifted their diet to larger and more robust prey such as insects, shrimps, molluscs and small fish (van Oijen & Witte, 1996; Katunzi et al., 2003; Kishe-Machumu et al., 2008; Kishe-Machumu, 2012; van Rijssel et al., 2015) . In addition, there is more overlap of food items in the diets of the haplochromine species, and those of trophic groups, than observed historically (KisheMachumu et al., 2008; Kishe-Machumu, 2012) . These studies were based on stomach and gut content analyses and although such methods are useful for establishing details on the types and amounts of prey consumed, they are only representative of diet for the period soon before the sampling event (Gearing, 1991; Hesslein et al., 1993) . When stomach and gut content analyses are complemented by analyses of stable nitrogen (d 15 N) and carbon (d 13 C) isotope values, they can provide a better understanding of diets over longer and potentially more ecologically relevant timescales. This is because stable isotopes reflect the actual assimilation of organic matter over time into consumer tissue rather than merely its consumption (Gearing, 1991; Hesslein et al., 1993) .
Stable isotope analysis has been successfully applied to analyse the diets, feeding patterns, food web structure and energy flow in fish species of the Lake Victoria basin (Campbell et al., 2003; Mbabazi et al., 2004; Ojwang et al., 2004; Schwartz et al., 2006; Ojwang et al., 2007; Ojwang et al., 2010; Poste et al., 2012) . However, these studies were all based on material collected after the mid-1990s and covered relatively short time scales. Nothing is known about the degree to which stable isotope values differ among the haplochromine trophic groups and species before and after the environmental changes that occurred during the 1980s in Lake Victoria. Moreover, except for one recent study (van Rijssel et al., 2016) , no attempts have been made to apply stable isotope techniques on preserved museum specimens of haplochromines from Lake Victoria. In general, museum specimens are often preserved in formalin, ethanol, or a combination of both where the fishes are preserved initially in formalin and later transferred to ethanol, which we refer to as ''formalin-ethanol preservation''. Directional shifts induced by formalin and ethanol preservation of fish have been reported in previous studies (Arrington and Winemiller, 2002; Sarakinos et al., 2002; Kelly et al., 2006; Lau et al., 2012; Gonzalez-Bergonzoni et al., 2015) . These studies showed that formalin-ethanol preservation in fish usually depletes d 13 C and does not change or increases d
15 N values. However, the effects of formalin-ethanol preservation can be species specific and preservation effects can also be inconsistent between taxa (Arrington & Winemiller, 2002; Sarakinos et al., 2002; Kelly et al., 2006; Lau et al., 2012; Gonzalez-Bergonzoni et al., 2015) , which is why we tested for preservation effects among trophic groups and species.
This study uses formalin-ethanol-preserved haplochromine specimens collected from the Mwanza Gulf (Tanzania) to answer the following questions: (1) what is the impact of formalin-ethanol preservation on d 13 C and d 15 N values, (2) are there significant differences in stable isotope values between trophic groups and their species within the historic and contemporary ecosystems, and (3) are there differences in stable isotopes of fishes from the historic and contemporary ecosystems, and if so, can they be interpreted in relation to observed shifts in foraging behaviour and environmental change?
Concerning the first question, we expected decreased d
13 C values and increased or similar d
15 N values for formalin-ethanol-preserved samples based on the findings of previous studies. Concerning the second and third question, we expected that differences in stable isotopes between and within trophic groups would reflect changes in diet known from analysis of stomach and gut contents. However, such interpretation must also recognize that some isotopic changes can be related to changes in the environment affecting isotopic values of phytoplankton at the base of the food web. Over the time period sampled in this study, there were substantial changes in the productivity, abundance and composition of phytoplankton, especially in the inshore regions of Lake Victoria in Uganda (Mugidde, 1992; Hecky, 1993; Kling et al., 2001; Hecky et al., 2010) . Phytoplankton biomass increased five-to sixfold and became dominated by cyanobacterial filamentous N fixers such as Anabaena, as well as cyanobacteria that do not fix nitrogen such as colonial Microcystis. There was also a profound species shift in the diatoms from heavily silicified Aulacoseira to thinly silicified Nitzschia as dissolved silica concentrations plummeted in response to the eutrophication of the lake (Hecky, 1993; Kling et al., 2001; Stager et al., 2009 ). These changes were accompanied by an increase of up to 2% in (Suess corrected) d
13 C values for organic matter deposited in inshore areas of the lake (Hecky et al., 2010) . In other words, the lake became more productive and phytoplankton demand for CO 2 rose relative to available atmospheric CO 2 . The increase in d
13 C values would be expected as the increased phytoplankton biomass raised the demand for CO 2 and reduced isotopic fractionation (Hecky & Hesslein, 1995) . In fact, d
13 C values of phytoplankton, which is expected to dominate the particulate matter in tropical productive lakes (Poste et al., 2015) , was found to be strongly positively correlated with chlorophyll across a number of East African lakes (Poste et al., 2013) . The observed variation in phytoplankton across these lakes is likely due to their varying trophic states (Campbell et al., 2006; Poste et al., 2013) .
It is very likely that similar changes in the basal isotopic values occurred in the Mwanza Gulf, which also experienced an increased phytoplankton biomass (Witte et al., 1992a; Cornelissen et al., 2014) . Therefore, we expect that consumers in this area would reflect this change at the base of the food web and shift Hydrobiologia (2017) 
Methods

Study area and periods
Haplochromines were caught in the northern part of the Mwanza Gulf between Nyamatala Island and Hippo Island (Fig. 1 (Fig. 1 ) which has been sampled repeatedly over several decades (Witte et al., 2007) . Except for the littoral station B (4-6 m deep), which has a sand bottom, all other stations have a soft muddy bottom and depths ranging from 5.5 to 13 m. Additional samples were collected in the sublittoral area (6-18 m deep), north and south of the transect between Nyamatala and Hippo Island.
Fish sampling and sample preparation
Haplochromine species were collected by trawling (bottom and surface) and gillnetting. After each haul, the specimens were stored on ice and individuals were assigned to species and trophic group in the laboratory. Specimens collected between 1977 and 1982 were stored at the Naturalis Biodiversity Center, Leiden. They were initially preserved in formaldehyde (4% solution) and afterwards transferred to 70% ethanol. The preservation time varied from several weeks to several years. The standard length (SL) of each specimen was measured. For the stable isotope analysis, a part of the epaxial muscle (dorsal to the lateral line) was dissected and the skin was removed from the sample.
For the samples collected in 2005 and 2007, only muscle tissue from one side was preserved in formaldehyde and later transferred to 70% ethanol. This preservation treatment was meant to replicate the preservation procedures that have been applied to museum specimens. In this way, materials collected in 2005 and 2007 became comparable with the museum material in terms of preservation treatment. Although the duration of preservation in formaldehyde and ethanol was shorter (several weeks to a year), so far, studies on long-term preservation effects on fish stable isotopes showed that these are independent of time (Ponsard & Amlou, 1999; Kaehler & Pakhomov, 2001; Ogawa et al., 2001; Sarakinos et al., 2002; Sweeting et al., 2004 ) which we assume is also the case for the cichlids used in this study.The muscles from the other side of the fish collected in 2007 (unpreserved) were oven-dried at 60°C for 24-48 h and stored in vials before being transported to the Environmental Isotope Laboratory, University of Waterloo, Canada for analysis.
Trophic groups/species studied
The trophic group classification used in this paper corresponds with that based on morphological features of different trophic groups. This classification was confirmed through stomach and gut content analyses as presented by Seehausen (1996) and Witte and van Oijen (1990 Before the environmental changes, the detritivorous trophic group in the northern part of the Mwanza Gulf comprised several morphologically and ecologically similar species (mainly differing in depth distribution) with a curved dorsal head profile. In this trophic group, sexually active males could be easily identified, but females and non-sexually active (without clear nuptial colouration) males were difficult to identify (de Zeeuw et al., 2010) . For that reason, these species were pooled as the ''curved head group'' in earlier ecological studies (Goldschmidt et al., 1993) . The three most common species of this group were Haplochromis cinctus, Haplochromis (Enterochromis) antleter Mietes & Witte 2010 and Haplochromis (Enterochromis) katunzii ter Huurne & Witte 2010. After the recovery of this group in the contemporary ecosystem, specific identification (even of sexually active males) became more difficult due to changes in nuptial colouration and morphology that may have resulted from hybridization (Seehausen et al., 1997a; de Zeeuw et al., 2010) . However, based on general morphological features, specimens could still be identified as belonging to the curved head group. The curved head group from the contemporary ecosystem comprised individuals that showed features of the three above-mentioned species. From this group, only two individuals could be identified as H. cinctus with some certainty. The stable isotope values of two individuals of the curved head group were outliers resulting in a nonnormal distribution of both d 13 C and d 15 N values. The effect of outlier exclusion was explored by comparison of statistical outputs of the one-way ANOVA performed on the dataset with and without outliers. To avoid discrepancy between statistical analyses (parametric vs. non-parametric tests), we assumed a normal distribution for the group with outliers. Results of the dataset with outliers deviated slightly from the dataset without outliers. Although P values of the one-way ANOVA on both stable isotope values differed, relative differences between species remained the same. Hence, although there are some slight interspecific differences between datasets with and without outliers, inclusion of the two outliers did not affect isotopic differences in time between detritivorous populations, nor our major conclusions (see below).
Stable isotope analysis
A small amount of fish tissue was freeze-dried and ground into fine powder for d 15 N and d 13 C value analyses using a Micromass VG-Isochrom continuous flow isotope ratio mass spectrometer (CF-IRMS). Stable isotope data are presented in delta notation (d), which represents the difference (%, or parts per thousand) between the isotopic ratio of the sample and the standard, and is calculated as Over the past 30 years, CO 2 levels containing the low natural concentrations of d
13 C values in the atmosphere have risen over 20% (Francey et al., 1999) due to deforestation and fossil fuel burning. This change of atmospheric carbon isotopic composition due to anthropogenic effects is also known as the Suess effect (Keeling, 1979) . The Suess effect increases as the present day is approached (Verburg, 2007) , and so it is necessary to apply a Suess correction (from Verburg, 2007) to the d
13
C values of a sample according to the following formula:
with Y as year of collection since 1700, as recommended by Verburg (2007) to account for changes in fish isotopic composition due to Suess effect alone and to allow comparison of fish specimens collected decades apart. For this study, the Suess correction was applied by subtracting the average correction for the years [1977] [1978] [1979] [1980] [1981] [1982] Table 1 ). We performed a linear regression on these three groups and used the residuals for further analysis to correct for the effect of SL on stable isotopes. Residuals of non-correlated stable isotopes were calculated manually by subtraction of the average stable isotope values from the raw data. All residuals were normally distributed (Shapiro-Wilk test, P [ 0.05). Additionally, we tested with a one-way ANOVA whether historic and contemporary species/ trophic groups decreased in SL compared to the same species/trophic groups of the historic ecosystem. Only H. pyrrhocephalus from the contemporary ecosystem showed a significant decrease of SL compared to H. pyrrhocephalus of the historic ecosystem (ANOVA, df = 16, t = 8.61, P \ 0.001).
Inter-and intraspecific differences
A one-way ANOVA was performed on both residuals (linear regression and manually calculated) to test for interspecific differences in the historic period. A pairwise Wilcoxon signed rank test was used for interspecific differences in the contemporary period and for intraspecific differences among periods because of the non-normal distribution of the curved head group. To test whether interspecific clustering of stable isotope values differed between the historic and contemporary populations, we calculated the Bhattacharyya distance (Bd, which takes into account different standard deviations between clusters) between each species cluster within a period using the bhattacharyya.dist function from the R package 'fpc' (R development Core Team, 2016) . Significance of Bds was tested with a Hotelling's T-squared test in R. A sequential Bonferroni correction was used to adjust the P values. Although the two specimens of H. laparogramma were shown in the figures, they were not included in the statistical analysis due to their low sample size. All statistical tests were performed with SPSS 20.0 for Windows unless mentioned otherwise.
Results
Effects of preservation
The dried and the formalin-ethanol-preserved samples of the same individual showed significant differences in their stable isotope values (Table S1 in Electronic Supplementary Material). This is illustrated by the preserved and dried samples of H. 'paropius-like', which show differences that are generally in the same direction (Fig. 2) . The preserved samples of all species combined had significantly lower d
13 C values than the dried samples (preserved 18.88% ± 2.71, dried 18.22% ± 2.78; paired Wilcoxon Signed Rank Test, Z = -2.98, P = 0.003), and significantly higher d
15 N values than the dried samples (preserved 9.07% ± 1.59, dried 8.73% ± 1.52; paired Student T Test, df = 32, t = -2.31, P = 0.028). Although the differences were significant, the magnitudes are small relative to the changes observed among species and over time in the same/similar species that we discuss below.
Interspecific differences
Historic populations
The stable isotope analysis of the historic ecosystem species resulted in a distinct clustering of the species 
Contemporary populations
The analysis showed a clustering by species, but there was more overlap between species than in historic samples, and larger variation in both d 13 C and d
15 N values ( Fig. 3b; Table 2 ). Four out of six species cluster comparisons showed significantly different Bds, with a mean Bd of 1.75 (Table 2 ). The stable isotope values of the zooplanktivore H. pyrrhocephalus were the only ones that differed from the other three contemporary species (Table 4) . Haplochromis pyrrhocephalus showed the highest d 13 C and d
15
N values compared to the other species (P \ 0.05; Table 4 ). The stable isotope values of the zooplanktivore H. laparogramma showed overlap with those of the H. pyrrhocephalus population (Fig. 3b ).
Intraspecific differences between historic and contemporary populations Curved head populations (which include H. cinctus) of the contemporary ecosystem showed significantly higher d 13 C and d 15 N values than H. cinctus of the historic ecosystem (P \ 0.001; Fig. 3c ; Table 5 ). The H. pyrrhocephalus population of the contemporary ecosystem did not differ from the historic population in d
13
C values but had significantly higher d
15 N values (Wilcoxon Signed Rank Test, Z = -2.87, P = 0.004; Fig. 3d ). Historic and contemporary H. tanaos populations did not show significant differences in stable isotope values ( Fig. 3d ; Table 5 ). 
Discussion
Effects of preservation
The observed depletion of d 13 C values in formalinethanol-preserved samples (0.66% on average, SD 0.07) may have occurred due to hydrolysis of proteins by formalin (Arrington & Winemiller, 2002; Sarakinos et al., 2002) . The depletion could be also due to uptake of formalin and ethanol into the tissues as both preservatives are carbon-based chemicals with characteristic d
13 C values. Once preserved samples are immersed, their values may shift towards that of the preservative (Arrington & Winemiller, 2002; Sarakinos et al., 2002; Kelly et al., 2006; Lau et al., 2012; Gonzalez-Bergonzoni et al., 2015) .
Our findings indicate that formalin-ethanol preservation leads to an increase in d
15 N values (0.34% on average, SD 0.07). The specific mechanism that leads to the observed increase in d
15 N values is unknown; however, nitrogen enrichment has also been observed by other studies on preservation effects (Arrington & Winemiller, 2002; Sarakinos et al., 2002; Kelly et al., 2006; Lau et al., 2012; Gonzalez-Bergonzoni et al., 2015) .
Although the preservation effects per species are consistent, this is not always the case on the individual level. Six out of 33 specimen samples tested showed an inconsistent shift (shifts in a different direction compared to the other samples) in either d 13 C and/or d 15 N values (Table S1 ). Two samples showed inconsistent shifts in both d 13 C and d 15 N values. The inconsistencies do not seem to be species specific. Three out of 24 (12.5%) of the detritivore samples showed inconsistent shifts in either d 13 C and/or d 15 N values, while one out of nine zooplanktivore samples (11.1%) showed an inconsistent shift in both d 13 C and d
15 N values. Since the relative number of inconsistent shifts is similar between detritivores and zooplanktivores, we cannot state that the inconsistency and thus preservation effects depend on the trophic level nor species identity and is more likely the result of a methodological inconsistency (e.g. slightly different parts of muscle tissue that were used).
Nevertheless, when we look at the magnitude of the preservation effect (0.34-0.66%), the differences found between species and sampling periods are much larger than those found between dried and preserved samples. For instance, the differences in d 13 C (Suess corrected) and d
15 N values between historic and contemporary H. cinctus populations are 4.1% and 2.8%, respectively, which is much higher than the above-mentioned differences between dried and preserved samples of the specimens (Figs. 2, 3) . Moreover, the formalin-ethanol-preserved historic and contemporary samples used in this study have been preserved in the same way in order to avoid discrepancies in the dataset that could be caused due to different preservation treatments. These observations suggest that formalin-ethanol-preserved Lake Victoria cichlids still provide ecologically meaningful stable isotope data, or at minimum that preservation did not impose a common signal arising from the formalin-ethanol preservative (Table S2 ). This conclusion is supported by several other studies that used stable isotope analysis on museum specimens to generate retrospective ecological insight (Vander Zanden et al., 2003; Schmidt et al., 2009; Nakazawa et al., 2010) .
Interspecific differences in historic populations
Although the specimens from the historic populations were collected in different years and, for H. pyrrhocephalus, at different locations in the northern part of the Mwanza Gulf (Table S2 , S3), they revealed distinct and well-separated conspecific clusters ( Fig. 3 ; Table 2 ). Moreover, as expected, the two zooplanktivorous species had higher d 15 N values than two of the three detritivorous species.
The distinction along the d 13 C and d 15 N values axes can partly be explained by the different diets of the species. The bottom dwelling detritivore H. cinctus, which mainly fed on detritus and phytoplankton and which included some copepods and midge larvae in its diet (Goldschmidt et al., 1993) , had the lowest d 13 C and d
15 N values. Unexpectedly, the other detritivore, H. coprologus, had the highest d
15 N values. Haplochromis coprologus fed mainly on detritus and phytoplankton during the day, but also included some copepods in its diet (Goldschmidt et al., 1993) . Apart from detritus, H. coprologus also fed on the diatom Aulacoseira, especially at night, when the fish occurred a little higher up in the water column (Goldschmidt et al., 1993) . Two possibilities can be offered for the higher d
15 N values in H. coprologus compared to the other detritivores. It is possible that Aulacoseira had higher d
15 N values than detritus, or H. coprologus had a more mixed diet that included zooplankton in significant amounts. Different species of phytoplankton can exhibit different d
15 N values due to utilization of different inorganic N sources, and they can also differ from detritus (Vuorio et al., 2006 (Fig. 3a, b) which may be linked to the habitat overlap between these two species during a part of their life cycle. Juveniles of H. coprologus occurred in the same sheltered bays (e.g. Butimba Bay), and fed mainly on zooplankton (F. Witte, unpubl. data) like H. tanaos, which in the historic ecosystem used to occur in this habitat throughout its life (Goldschmidt et al., 1993; van Oijen & Witte, 1996) . A more zooplanktivorous diet by H. coprologus juveniles might have contributed to their high d
15 N values. The pelagic phytoplanktivore H. bwathondii had relatively high d 15 N values compared to H. cinctus, and had the highest d
13 C values of all species (possibly due to its phytoplanktivorous habits). All aquatic plants have a stagnant boundary layer that restricts the rate of CO 2 or HCO 3 -diffusion and thus limits the rate of photosynthesis (France, 1995; Smith & Walker, 1980) . In effect, this boundary layer makes the carbon pool finite and can lead to instantaneous C-limitation which reduces isotopic discrimination and results increased d
13 C values (Smith & Walker, 1980; Keeley & Sandquist, 1992) . Haplochromis bwathondii fed mainly on cyanophytes (Microcystis and Anabaena) and diatoms such as Aulacoseira and occasionally Nitzschia. Larger phytoplankton such as colonial or filamentous cyanobacteria species, like the ones that contribute to the diet of H. bwathondii, often exhibit higher d
13 C values (Vuorio et al., 2006) because they are more subject to these boundary layer effects (France, 1995; Hecky & Hesslein, 1995) . At night, H. bwathondii also consumed considerable amounts of adult insects and Chaoborus larvae and pupae as well as some copepods (Goldschmidt et al., 1993) . The uptake of insects and zooplankton would also contribute to the relatively higher d 15 N values compared to H. cinctus; however, d
15 N values were much lower than those of H. coprologus and the zooplanktivorous species (Fig. 3a) . Some aquatic insects do have generally low d 15 N values (Campbell et al., 2003) which could explain the relatively lower d
15 N values compared to the zooplanktivores. Unfortunately, we lack stable isotope values of prey items caught at the same time and location to confirm this.
The higher d 15 N values of the zooplanktivores H. pyrrhocephalus and H. tanaos are consistent with their diet, mainly cyclopoid/calanoid copepods and cladocerans, respectively (van Oijen & Witte, 1996; Goldschmidt, 1989) . The higher d 13 C values observed in H. pyrrhocephalus compared to those in H. tanaos might result from a difference in habitat usage of both species or the difference in diet. Haplochromis tanaos was collected from the shallow Butimba bay, while H. pyrrhocephalus was mainly caught in open water (Table S3 ). This habitat difference might have resulted in different d
13 C values at the base of the food web which are reflected in different d
13 C values of the cichlids. However, this difference is actually the opposite of what one would expect, based on the geographic variation in d
13 C values in Lake Victoria where inshore, shallow habitats had higher d
13 C values in particulate organic matter (Hecky et al., 2010; van Rijssel et al., 2016, see below) . Therefore, it is more likely that the different diets of H. pyrrhocephalus (cyclopoid/calanoid copepods and chironomid larvae) and H. tanaos (cladocerans and insects) are responsible for the difference in d
13 C values (Goldschmidt 1989; van Oijen & Witte, 1996) .
Interspecific differences contemporary populations
The clustering of the stable isotopes values of the contemporary populations showed less species distinction than the clustering of the historic populations (Table 2 ; Fig. 3a, b) . The Bds between clusters of stable isotope values of the contemporary populations were only significant in 4 out of 6 species cluster comparisons (compared to 9 out of 10 for the historic species clusters) and had an average Bd of only 1.75 (compared to 5.59 for the historic species clusters). This stable isotope overlap confirms the findings of earlier diet studies of these species, reporting a dietary shift to a more carnivorous diet, resulting in more overlap between detritivores and zooplanktivores (Kishe-Machumu et al., 2008; Kishe-Machumu, 2012) . After their resurgence, both trophic groups included zooplankton, midge larvae, insects, molluscs and shrimps in their diet (van Oijen & Witte, 1996; Katunzi et al., 2003; Kishe-Machumu et al., 2008; Kishe-Machumu, 2012; van Rijssel et al., 2015) . The d
15 N values of the curved head group and H. 'paropius-like' displayed a very broad range. The broad range of the latter species might be explained by the large variation in SL in our samples (Table S3) , as smaller fish might have a different diet than larger fish. Diet analysis revealed that in the contemporary curved head population, prey diversity was higher than in the pooled historic detritivores H. coprologus and four curved head species (Kishe-Machumu et al., 2008 (Campbell et al., 2003) .
We noticed that the curved head group of the contemporary system appears to exhibit a depth effect with higher d 13 C and lower d 15 N values of specimens caught at the shallowest station on the transect, J (Figs. 1, 4) . The shallow inshore waters of Lake Victoria have shown the greatest increases in algal biomass compared to the offshore waters. In addition, in the contemporary ecosystem of the lake, chlorophyll and particulate C and N concentrations are much higher than in the past and the d13C value of particulate matter is much heavier in shallow waters (Hecky et al., 2010) . Water depth imposes strong isotopic gradients because algal production is generally light limited by self-shading in the contemporary ecosystem (Silsbe et al., 2006) . As a consequence, d
13 C values are higher inshore and fall as the bottom depths increase. Conversely, d 15 N values are lower inshore because N fixing cyanobacteria dominate the higher algal biomass and d
15 N values increase as depth increases and N fixation becomes increasingly light limited (Mugidde et al., 2003) .
This likely explains the observed depth effect for the curved head group (Table 6 ; Fig. 4 ). The zooplanktivores H. pyrrhocephalus and H. laparogramma caught at station J also showed a similar pattern in their stable isotope composition compared to specimens caught in deeper waters (Table 6 ). This depth effect in the contemporary lake ecosystem indicates that populations of these haplochromines species can be quite stenotopic. It is commonly accepted that many cichlid species are restricted by bottom types, depths or parts of the water column but an almost complete lack of dispersal between stations required to explain these data have not been reported for these demersal species (Witte, 1981; Witte et al., 2007 ) until very recently (van Rijssel et al., 2016 . The general effect of depth on the stable isotope values of phytoplankton, which is evident at the whole lake scale (Hecky et al., 2010) , seems to be also present at smaller spatial scales within Mwanza Gulf and is expressed in the isotopic values of stenotopic haplochromine species.
Intraspecific differences between historic and contemporary populations
The higher d
15 N values of the contemporary curved head population compared to the historic population concurred with the diet change towards more insects and zooplankton (Kishe-Machumu et al., 2008) . The higher d
13 C values in the curved head population of the contemporary ecosystem agrees with the hypothetical changes at the base of food web, leading to a shift to higher d 13 C values (Hecky et al., 2010) . The contemporary H. pyrrhocephalus population shifted to higher d
15 N values probably as a result of the inclusion of larger prey with higher d
15 N values such as juvenile fish (Table 7) . We found a significant decrease in body size for the contemporary H. pyrrhocephalus population compared to the historic population. This decrease can have an effect on their prey consumption and therefore stable isotope values (e.g. by means of gape limitation). However, as the contemporary H. pyrrhocephalus population included more larger prey than the historic population (Table 7) , we do not think that the size decrease had a major impact on the diet and thus stable isotope values of these fish. The shift in d
15 N values of H. pyrrhocephalus cannot be explained by changes in the basal d
15 N values as the lake has become dominated by cyanobacteria which account for a majority of the new nitrogen in the system due to nitrogen fixation -13.5, -14.0 -18.6 -20.5, -20.3 -18.6 -20.2, -20.4 -20.6 (8) Fogel & Cifuentes, 1993; Hoering, 1955; Macko et al., 1987) . On the other hand, d
13 C values of H. pyrrhocephalus remained unchanged while more positive values were expected. In 2005 and 2006, the diet of H. pyrrhocephalus contained relatively less zooplankton than in the 1970s (Table 7) , which may explain the lack of change in d
13 C values of the contemporary H. pyrrhocephalus population if the C in zooplankton is based on a different phytoplankton source than in fish (dagaa) and insects. The contemporary H. pyrrhocephalus specimens were collected at relatively shallow stations (5.5-9.5 m), while the fish from the historic ecosystem have been caught at relatively deeper locations, north and south of the transect (6-18 m) which could explain the relatively low 13 C values. Stable isotopes of the contemporary H. tanaos population did, surprisingly, not differ from the historic population, whereas they did shift their diet towards more fish, insects and midge larvae in the 2000s (Table 7) . However, interpretation may again be confounded by the species changing habitats to exploit different food resources. All the H. tanaos caught in the historic system came from the shallow Butimba Bay (station B) while, except for one individual, all the H. tanaos caught in the contemporary system came from deeper stations within the Mwanza Gulf (Table S3) . If the contemporary H. tanaos population had been caught in Butimba Bay, they might have had higher d 13 C and lower d 15 N values, but as the population extended their habitat to deeper water in the 2000s (Kishe-Machumu et al., 2015) , the fish moved along a gradient in stable isotope composition of their basal food resources and remained similar in isotopic composition to the values in the historic system. In contrast, van Rijssel et al. (2016) found an increase of d 15 N values in H. tanaos specimens caught in 2006 at station E (6 m) compared to fish caught in the early 1980s at station B (4-6 m) and contributed this to increased uptake of fish (dagaa) of H. tanaos. Although many species in the contemporary system are morphologically similar to their ancestors in the historic ecosystem (van Rijssel & Witte, 2013) , they are displaying different diets and e Kishe-Machumu (2012) some are exploiting different habitats (KisheMachumu et al., 2008; Kishe-Machumu et al., 2015) . These habitat and diet shifts can be explained by the change in availability of food types, loss of competition with trophic specialists, a decrease in water clarity or a combination of these factors (KisheMachumu et al., 2008) . Broadening of the diet spectrum is a common response to environmental stress in fish and has been reported for several other African lake fish including the cyprinid Rastrineobola argentea (locally known as dagaa, Wanink, 1998) , the characid Brycinus sadleri (Wanink & Joordens, 2007) , the cichlids Oreochromis niloticus (Njiru et al., 2004) and Tilapia zillii (Muchiri et al., 1995) and for cichlids in Lake Kivu (Villanueva et al., 2008) and Lake Chivero (Zengeya & Marshall, 2007) . If eutrophication is responsible for the observed dietary overlap, continued eutrophication can have major implications for species diversity in Lake Victoria and other African lakes. The reduced water transparency inflicted by eutrophication interferes with mate choice, hampers sexual selection, and is thereby disrupting diversification mechanisms (Seehausen et al., 1997a) . In addition, visual predators like cichlids depend on optical characteristics of the water and the conspicuousness of the prey . The reduced water transparency could therefore reduce the fish's choosiness, as the encounter rate with preferred prey types decreases , which could hamper trophic diversification by natural selection. Although the other African Great Lakes have not reached the level of eutrophication of Lake Victoria (Bootsma & Hecky, 1993; Hecky, 1993) , eutrophication has been observed in some regions of these lakes (Chale, 2003; Hecky et al., 2003; Otu et al., 2011) . By adequately monitoring these lakes, we can improve our understanding of the effects of eutrophication on biodiversity and, with reductions in nutrient loading, moderate biodiversity losses in Lake Victoria and prevent biodiversity crises in other African lakes.
Conclusions
Our findings suggest that preserved cichlid specimens may be used for stable isotope analysis as preservation only affected d 13 C and d 15 N values by 0.34-0.66 %, while the magnitude of changes over time and among species was much larger. This confirms the conclusions of Campbell et al. (2003) explaining that stable isotope analyses are a robust tool to study trophic positions and dietary sources in Lake Victoria. Many museums have substantial historical archives of preserved fish specimens. Therefore, this study supports the possibility of using archived collections to characterize food web structures of aquatic ecosystems at scales of tens to hundreds of years (Vander Zanden et al., 2003; Schmidt et al., 2009; Nakazawa et al., 2010) .
This study revealed that significant differences, both in d 13 C and d 15 N values of the historic ecosystem, exist among haplochromine trophic groups as well as among species in agreement with their diets. Species in the historic ecosystem had a much more distinct stable isotope composition indicating relatively strong fidelity to, or less availability of, particular food resources compared to species of the contemporary ecosystem.
In the contemporary ecosystem, stable isotope composition of the same species or assumed trophic groups, was much less distinct suggesting greater overlap in diets. Our data imply higher d
13 C values for some fish species collected at littoral stations compared to those from deeper sublittoral stations, suggesting that at least some haplochromine species of the contemporary ecosystem are fairly stenotopic.
There was a general shift in d 13 C values for most species between the historic and contemporary ecosystem which would be expected from the eutrophication of the lake and increase in the d 13 C value composition of phytoplankton and detritus. The d
15
N values for two out of three species increased between the historic and contemporary ecosystem. Based on previous stomach and gut content analyses for these species, this increase is consistent with diet changes towards prey of higher trophic levels.
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